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L  2 

In  two  previous  publications,  ’  we  have  considered  the  problem  of  the 
decay  rates  for  molecules  in  the  vicinity  of  a  periodically- roughened 

(sinusoidal  grating)  metallic  surface  in  the  context  of  both  the  static  image 

1  2 
theroy  (IT)  and  the  more  accurate  dynamical  energy  transfer  theory  (ET) . 

The  same  problem  for  the  case  of  a  randomly- roughened  surface  has  also  been 

3 

treated  some  time  earlier  in  the  context  of  IT.  The  motivation  of  all  this 
work  comes  from  recent  fluorescence  experiments  in  which  discrepancies  were 
found  when  compared  to  the  well-established  theory  for  flat  surfaces.^  In 
Ref.  2,  we  pointed  out  that  the  simpler  theory  (IT)  can  be  very  inaccurate  for 


highly-conducting  substrates  or  large  molecule-surfacc  distances  (d) ,  and  we 
have  further  established  a  better  theory  (ET)  for  rough  surfaces  in  a 


perturbative  approach.  In  this  brief  report,  we  want  to  point  out  that,  aside 

2 

from  giving  the  more  accurate  results  for  large  d,  this  dynamical  theory 
contains  a  novel  resonance  structure  (in  addition  to  the  well-known  surface 
plasmon  for  flat  surface,  i.e.,  =•  which  is  induced  by  the 

presence  of  the  surface  roughness  and  which  is  absent  from  the  cruder  theory 
(IT) .  ’  The  implications  to  earlier  electron- scattering  experiments  and  the 
relation  to  recent  fluorescence  experiments  on  a  corrugated  thin  film  are 
discussed. 

Let  us  start  by  recalling  some  previous  results  for  a  molecular  dipole 
located  at  a  distance  d  from  a  sinusoidal  grating  of  amplitude  ("q  and  period  Q 


and  oriented  perpendicular  to  the  grating  characterized  by  a  complex 
dielectric  function  €(w),  where  w  refers  to  the  emission  frequency  of  the 
dipole.  According  to  IT,  the  normalized  decay  rate  (with  respect  to  the  free 
molecule  value)  for  this  case  is  obtained  as^ 


'it  3 

-  1+  3  ’ 

^0  2k 


where  k  is  the  emission  wave  number  and  G^,j.  is  given  by 


,(w)  -  ^  ^  X  P  du  r  dv  (efg+h) 

4d  ^  ^  (€+1)  Jq  Jq 


- (f+g)d 


with  the  functions  f ,  g,  h  given  by 


f(u,v)  -  [(u+Q/2)^  +  v^]^ 


g(u,v)  -  [(u-Q/2)^  +  v^]^  , 


h(u,v)  -  u^  +  v^  -  Q^/4 


On  the  other  hand,  the  corresponding  ratio  7cT/7n  has  been  obtained  in  a 


similar  form  as  in  Eq.  (1),  with  G__  given  by 


ET'  '0 
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where  R  -  ,  £^  -  -i(l-u^)**,  £2  -  -i(€-u^)^  .  d  -  kd,  and  k^ 


and  k2  ere  defined  as 
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k^  -  -(£k^-Q^)^  , 
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It  is  interesting  to  point  out  that  in  spite  of  the  very  different 

mathematical  forms  as  they  appear  in  Eqs .  (2)  and  (4),  it  has  been  observed 

numerically  that  a  comparison  between  the  two  for  different  ranges  of  d  indeed 

shows  the  correct  trend  that  one  would  expect  to  be  exhibited  between  a 

2 

dynamical  and  a  static  (nonretarded)  theory.  Here  we  want  to  point  out  tnat 

there  is  an  extra  resonance  feature  which  is  predicted  by  Eq .  (4)  and  not  by 

2 

Eq.  (2).  This  feature  was  overlooked  in  the  previous  paper  and  should  have 

some  relevance  to  certain  recent  experiments. 

It  is  not  difficult  to  see  from  Eq.  (2)  that  the  resonance  structure 

implied  by  IT  arises  from  the  condition  «(w)  +1-0,  which  in  turn  leads  to 

the  well-known  flat  surface -plasmon  resonance  frequency  w  -  Hence 

sp  p 

one  is  led  to  the  conclusion  that  the  surface  roughness  will  not  shift  the 
peak  in  the  decay  rate  spectrum  within  IT,  and  this  has  been  observed  from 
previous  calculations,  ’  However,  from  Eq .  (4)  one  obseirves  two  resonance 
factors  --  one  from  R  and  the  other  form 


S  -  -  €k2 


It  is  well  known^  that  the  peak  implied  from  R  (which  already  occurs  in  the 
case  of  a  flat  surface)  is  essentially  the  same  as  that  in  IT  which  occurs  at 
w  “  “sp’  implied  from  S  is  unique  in  ET  and  depends  on  the  value 

of  Q.  For  k  «  Q,  one  can  easily  show  from  Eqs.  (5)  and  (6)  that 


S  -  iQ(€+L) 


which  means  that  the  peaks  implied  from  R  and  S  will  overlap  and  be  at  the 
same  position  as  that  in  the  flat  surface  case.  For  the  other  extreme  where  k 
»  Q,  S  reduces  to 

S  -  -y7k(y7+l) 

This  would  imply  poles  very  close  to  the  previous  case  if  we  consider  noble 
metals  like  silver,  which  have  a  very  small  value  for  the  imaginary  part  of 
their  dielectric  functions.  However,  for  Q  ~  k,  Eq.  (6)  will  induce  another 
resonance  peak  in  the  decay  rate  spectrum,  as  we  shall  see  below. 

In  Fig.  1,  we  show  the  decay  rate  spectrum  for  different  roughness 
parameters  (Cq.Q)  with  d  fixed  at  50A  for  a  Ag-grating.  At  such  a  close 

2 

distance,  the  two  theories  (ET,  IT)  give  results  very  close  to  each  other 
except  in  Figs.  1(b)  and  1(c)  where  Q  -  k;  here  we  observe  an  extra  peak 
induced  by  Q  whose  position  depends  on  the  magnitude  of  Q  and  whose  magnitude 
depends  ("q.  It  is  worth  noting  that  this  new  peak  grows  as  increases  and 
may  actually  overshadow  the  peak  (at  -3.6  eV  for  Ag)  for  large  enough 
values  of  Cq  (although  we  cannot  show  a  numerical  example  here  since  such  case 
will  exceed  the  limit  of  our  present  first-order  perturbation  theory) .  When 
this  happens,  it  is  possible  that  one  would  observe  in  actual  experiments  as 
if  the  peak  is  "shifted"  due  to  the  presence  of  the  surface  roughness. 

It  is  Interesting  to  mention  that  in  a  previous  analysis,  Rahman  and 
Maradudln  (RM)^  applied  the  image  potential  theory  established  by  them  for 
rough  surfaces  to  analyze  the  results  reported  in  an  experiment  of  electron 
scattering  on  a  Ho-surface  carried  out  some  time  earlier  by  Lecante,  Ballu  and 


Newns  (LBN) ,  in  which  a  shift  in  the  peak  frequency  is  observed  in  the 
energy-loss  spectrum.  According  to  the  RM  analysis,  the  shift  in  the  LBN 
experiment  cannot  be  explained  by  surface  roughness  as  LBN  have  claimed. 
However,  as  in  our  present  analysis  of  the  fluorescence  spectrum  for  the 
admolecules,  such  a  roughness -induced  (or  "shifted")  peak  can  only  occur  in 
the  dynamical  theory  but  not  in  IT.  Hence  it  is  possible  that  the  original 
speculation  by  LBN  may  still  be  correct  if  retardation  effects  are  taken  into 
account  in  the  RM  analysis. 

Another  situation  where  this  roughness -induced  resonance  may  play  a  role 
is  in  Che  recent  fluorescence  light  scattering  experiment  carried  out  by 
Gruhlke,  Holland  and  Hall°  on  a  corrugated  thin  silver  film  in  which  the 
effect  of  surface-plasmon  cross  coupling  is  clearly  observed.  We  believe  that 
the  roughness -induced  resonance  effect  pointed  out  here  is  a  necessary 
condition  for  the  cross-coupling  phenomenon  to  occur.  It  would  be  interesting 
Co  generalize  the  result  in  Eq.  (4)  to  the  corrugated  film  system  and  look  for 
such  cross -coupling  phenomenon. 

In  summary,  we  stress  that  this  roughness- induced  resonance  effect 
should  be  general  and  should  occur  in  phenomena  other  chan  fluorescence  and 
for  rough  surfaces  other  than  a  grating,  such  as  one  with  randomly  (Gaussian) 
distributed  roughness . ^ ^  The  reasons  that  the  previous  analyses  ’  did  not 
yield  such  peak  structure  are  due  simply  to  the  fact  that  either  the 
nonretarded  theory  (IT)  has  been  applied  or  the  values  of  Q  are  too  extreme  to 
lie  too  far  away  from  the  emission  wave  numbers . 
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Figure  Caption 

1.  Decay  rate  spectrum  for  a  molecule  located  at  d  -  50A  above  a  sinusoidal 
Ag-grating  of  varying  roughness  parameters  (fQ.Q)-  Curve  (a);  -  lA, 

-  1  X  lO'^A'^:  curve  (b) ;  -  lA,  Q  -  1  x  lO'^A'^;  curve  (c) :  Tq  “  ^0^ 

Q  -  1.25  X  10  A  .  The  solid  line  represents  the  results  from  the 
dynamical  theory  (ET)  and  the  dotted  line  the  results  from  the  image 
theory  (IT) . 
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